Aiming for ultra-wideband (UWB) indoor wireless access, three low-profile UWB circularly polarized slot antennas are proposed in this paper, all of which are made by a pair of curved tapered slots. The slots are miniaturized to allow a short direct microstrip feeding. The first antenna is a bidirectional antenna with a measured −10 dB impedance bandwidth of 110% (2.94 -10.06 GHz), and a 3 dB axial ratio (AR) bandwidth of 89% (3.19 -8.26 GHz). Its measured peak gain is 7.5 dBic and its size is 0.80 λ max × 0.80 λ max × 0.5 mm (λ max is the free-space wavelength at the lowest frequency, 3.19 GHz). Its performance is similar to that of a traditional spiral antenna, but it has a much simpler structure with a more complete ground plane, making it possible to integrate with other components (e.g. filter and amplifier) on the antenna body to reduce the overall size of the system. The second antenna is a directional antenna with a simple solid metal reflector placed 21 mm away from the radiator. This configuration increases the peak gain to 8.6 dBic, but reduces the impedance bandwidth to 52% only. The third one is a directional antenna with a meshed reflector. It has a maximum gain of 9.6 dBic, which is higher than that of the second antenna, while its −10 dB impedance bandwidth is 99% (3.37 -9.94 GHz) and its 3 dB AR bandwidth is 84% (3.70 -9.07 GHz), which is similar to that of the first one. Also distance between the radiator and the reflector (antenna's height) is reduced to 9 mm only (0.111 λ max ). The proposed antennas demonstrate high efficiency, simple and low profile structures, wide impedance and AR bandwidth, making them excellent candidates for in-door base station and UWB positioning systems.
I. INTRODUCTION
Ultra-wideband (UWB) positioning is most frequently used in applications such as in-door asset localization, personal tracking [1] . The wideband signal enables high precision positioning, making UWB popular for scenarios where accuracy of around 10 -30 centimeters needs to be achieved. Antennas have a critical impact on its performance for UWB systems. Circularly polarized (CP) antennas have gained much attentions for its advantages in combating multi-path interferences and polarization mismatch losses [2] .
Commonly used CP antennas, such as simple patch antennas, often have a narrow axial ratio (AR) bandwidth (e.g. less than 1%) [3] . In order to obtain wideband CP radiation, many structures have been investigated, such as the multi-feed [4] , [5] and stacked [6] mircostrip patch antenna, The associate editor coordinating the review of this manuscript and approving it for publication was Chow-Yen-Desmond Sim .
wide-slot antenna [7] - [9] , dielectric resonator antenna [10] , single feed [11] - [14] and multi-feed [15] monopole and dipole antennas.
Among them the simplest way to achieve broadband CP operation is to use a spiral antenna, e.g. log-periodic spiral antenna [16] - [18] , where its frequency-independent structure gives a good wideband feature. This kind of antenna can achieve an ultra-wide 3 dB AR bandwidth, e.g. 20:1, with a fairly simple structure. However, traditional spiral antennas need to wrap its arms for at least around one turn to get CP radiation, this make the metal part of the antenna more dispersed. These antennas usually require an additional differential feeding which is usually provided by a wideband balun [17] .
By employing a novel slot shape, as shown in the left side of Fig. 1 , we are proposing new wideband antennas with a more complete ground plane, which enables the integration of other components, and retained the broadband characteristic of the traditional spiral antenna. Due to its reflectional symmetry structure, the radiation of this antenna (hereinafter ''bidirectional antenna'') is bidirectional.
In practical applications, directional antennas are also widely used, such as for the base stations on the ceiling. To meet this requirement, two directional antennas are proposed, the first of which has a simple solid reflector placed 21 mm away from the bidirectional antenna (that is around λ/4 of its center frequency). This antenna, hereinafter ''solid reflector antenna'', has a 1.1 dB increase in peak gain, but a narrower bandwidth compared to the bidirectional version.
For the other directional antenna, its reflector is changed into a meshed shape. This antenna, hereinafter ''meshed reflector antenna'', has a peak gain that is even 1 dB higher than that of the ''solid reflector antenna'', and a similar bandwidth as the ''bidirectional antenna''. Moreover, its height has been reduced to 9 mm, which is only 40% of that of the solid reflector antenna.
The following sections (Section II to IV) would detail the structure, principle, simulated and measured results for all of three antennas, respectively. Section V provides a comparison between three proposed antennas and other reported UWB CP antennas. A brief conclusion is drawn Section VI.
II. BIDIRECTIONAL UWB CP SLOT ANTENNA A. ANTENNA CONFIGURATION
The structure and dimensions of the proposed bidirectional antenna are shown in Fig. 2 and Table. 1. This antenna consists of two curved slots etched on the bottom layer of the PCB. The slot is obtained by cutting a bigger ellipse with a smaller rotated ellipse. Additionally, we cut its edge with a straight line to leave more space to the ground plane. The lowest end of two ellipses coincides with the center of the antenna, and the smaller ellipse is clockwise rotated along its lowest end by θ 2 . To leave a gap of reasonable width at the junction of the two slots, a tiny rectangular slot with a width of 1 mm and a rotated angle of θ 2 /2 is placed at the center of the bottom layer.
The antenna is fed by an ''infinite balun'' which is initially mentioned in [16] . The structure is a microstrip line printed on the top layer of the PCB. It connects to the other side of the antenna's slot through a metalized via. The feedline is connected to the external equipment through a 3.5 mm 50 SMA connecter.
The substrate of the PCB is F4BME220, with a thickness of 0.5 mm. This material's nominal performance is mostly the same as that of Rogers RO5880. Copper on the PCB is 1 oz (per square feet) thick. Its surface is gold plated to prevent oxidation.
B. OPERATING PRINCIPLE
Slots are fed by an ''infinite balun''. Instead of a quarterwavelength matching stub, a shorting pin is directly employed providing a frequency independent matching/ connection to the antenna. It converts the current flow caused by the unbalanced microstrip feeding line gradually to the antenna radiation with negligible reflection. Current on the microstrip and ground caused by the unbalanced feeding from the SMA connector becomes balanced on the two edges of the slot after the shorting pin. And the tapered slot gradually converts the impedance from 50ohm to air impedance for radiation. The power is radiating fast while propagating along the tapered slot line. The feeding structure outside the antenna, e.g. coaxial line connected to the signal source, would barely impact the antenna radiation characteristic. This structure is essentially a direct connection and is frequency independent, providing a broadband matching and balun function. Surface current on the ground plane and the direction of the radiated E field at different phase is shown in Fig. 3 . As shown, the ''infinite balun'' successfully generates a traveling surface current on the edge of the slot. This current is traveling clockwise with the phase variation, thus will generate an E field rotating clockwise, which means the radiation along the +Z direction is LHCP.
The slot is acting as a slot transmission line, with a propagation mode similar to Quasi-TEM mode. The shorting end of the slot transmission line would cause reflection and generate standing wave. The reason why the traveling wave is generated instead of a standing wave is because the power is radiating fast enough, that the forward wave has decayed sufficiently before it propagates to the shorting end of the slot. So, the magnitude of the wave that is reflected by the shorting end of the slot is neglectable. Therefore, surface current in the format of ''traveling wave'' can be observed, which gives rise to the wideband characteristics of the proposed antenna. The upper limit of AR bandwidth is mainly determined by the shape of the slot. At high frequencies the wave is dissipating so fast that the main radiation happens before the slot bend sufficiently, making the radiation linearly polarized. In the original design, the slot was not cut by the straight line, as shown in Fig. 4 . But simulation shows that the wave was not able to propagate along the slot to the outermost side, which generates a weak field area. As a result, the sharp corner of the slot was cut to leave more space to the ground. This provides the room for a simple microstrip feeding.
Dimensions such as R 1 to R 4 have a complex influence on the performance of this antenna. They not only impact the impedance matching but also the AR bandwidth. The final parameters of this antenna are determined with the help of the genetic algorithm integrated in ''Ansys Electronic desktop''. The measured 3 dB AR bandwidth is 89% (3.19 -8.26 GHz), −10 dB |S 11 | bandwidth is 110% (2.94 -10.06 GHz). Difference between the measured and simulated |S 11 | is caused by the error introduced by the SMA connector and soldering. Its peak gain is 7.5 dBic. The lowest efficiency between 3 -6 GHz is −0.9 dB (81.3%). Fig. 8 shows the realized gain and AR pattern of the proposed bidirectional antenna. As shown, the radiation of this antenna is LHCP along +Z direction and RHCP along −Z direction.
III. DIRECTIONAL SLOT ANTENNA WITH SOLID GROUND
To meet the requirement of directional radiation, a simple solid metal reflector is added to the bidirectional antenna.
A. ANTENNA CONFIGURATION
This antenna consists of a radiator, a reflector, and three sets of nylon screws for fixing purpose, as shown in Fig. 9 . Radiator and reflector use the same PCB as the bidirectional antenna introduced in Section II, with the same R 5 and T 0 . Other dimensions of the radiator are re-optimized for better performance, as shown in Table. 2. And the reflector is just a simple single-sided solid metal PCB without etching.
B. SIMULATED AND MEASURED RESULTS
Figs 10 to 13 show the simulated and measured performances of the proposed solid reflector directional antenna, including reflection coefficient, boresight gain, radiation efficiency, and radiation patterns. Fig. 11 . shows that the peak gain of this antenna is 8.6 dBic in-band, which is 1.1 dB more than the bidirectional one. Its efficiency is also good, better than −1 dB (80%) in band. As shown in Fig. 12 , this antenna produces directional radiation. Measured highest back lobe level is less than −6.6 dB at 4.1 GHz.
However, the bandwidth of this antenna is considerably narrower than that of the bidirectional one. As shown in Fig. 10 and 13 , measured impedance and AR bandwidth is only 52% (4.26 -7.23 GHz) and 38% (3.95 -5.80 GHz), respectively. This is due to the fact the phase of the reflected wave generated by the reflector is frequency dependent. For frequencies that are too far away from the center, the reflected wave would not be able to superpose with the wave generated by the radiator in-phase. 
IV. DIRECTIONAL ANTENNA WITH MESHED GROUND
To solve the problem of narrow bandwidth and large height caused by the reflector. A meshed shape reflector is applied.
A. ANTENNA CONFIGURATION Fig. 14. shows the structure of the proposed meshed reflector antenna. The antenna parameters are show in Table 3 . This antenna has the same components as the solid reflector antenna mentioned in Section III, but with the reflector changed to a meshed metal. This mesh is printed on a singlesided PCB with a radius larger than the radiator. And the distance between the radiator and the reflector is 9 mm, only 40% of that of the solid reflector antenna (21 mm).
The microstrip line is also slightly adjusted, from a line of equal width to a tapered line, this can improve the impedance matching. 
B. OPERATING PRINCIPLE
This antenna is characterized by that it exhibits both wide bandwidth and directional radiation, but with a significantly lower height.
Its low-height feature comes from the shape of the reflector. For antennas using traditional metal plane reflector, in order to make the reflected wave and the original radiating energy sum up in phase, its reflector needs to be placed at least λ/4 away from the radiator. This distance provides a 180 • phase delay for the reflected wave, so the total phase change will be 0 • after considering the 180 • phase advance introduced by the metal plane.
Here by using the mesh shape, the reflector, which is considered as a reactive impedance surface, could generate a phase advance smaller than 180 • , as shown in Fig. 15 . This is caused by the inductance introduced by the meshed reflector. According to [19] - [21] , a metal strip array is capacitive when it is perpendicular to the E field, and inductive when it is parallel to the E field. And a mesh could be considered as a parallel LC resonant tank, as shown in Fig. 16 . The value of L and C could be roughly calculated with the following equations [19] :
where W 3 and W 4 represents the dimensions of the mesh as shown in Fig. 14. As the operation frequency of this antenna is lower than the resonant frequency of the LC circuit, this mesh will be inductive, and will generate a phase advance smaller than 180 • . So even if the phase delay provided by the distance between radiator and reflector is smaller than 180 • , a total phase shift around 0 • can be obtained. Therefore, the distance guided by a smaller phase delay between the radiator and the reflector, which is the height of the antenna, can be shortened.
Note that according to Fig. 15 , the simulated phase change of the meshed reflector is only about 30 • lower than the solid reflector at the minimum frequency. However, the height is changed from 21 mm to 9 mm, which means that the phase needs to be 100 • lower. This difference is because the radiator is a slot, which has a relatively strong magnetic field in the near field region of the antenna. The orientation of the meshed ground is slightly tuned so that the opening direction of the mesh is along the similar direction of the slot, and the phase advanced introduced by the meshed ground actually is even smaller. The fields are interacting together which results in a smaller phase shift with a slightly different inductance at the same frequency.
Wideband feature of this antenna comes from its low height, and the frequency characteristic of the mesh reflector. The derivative of the phase as a function of frequency (dϕ/df ), is proportional to the propagation distance (l), that is:
So, the shorter the propagation distance is, the less the phase changes with frequency, making the bandwidth wider. Another factor that widens the bandwidth is the energy leaked by the mesh reflector increases with the frequency, as shown in Fig. 15 . This makes the characteristics of the antenna more similar to that of the bidirectional antenna at high frequencies.
As shown in Fig. 18 , the back lobe is becoming larger with the increase of the frequency.
C. SIMULATED AND MEASURED RESULTS
The simulated and measured results of the proposed meshed reflector antenna are shown in Figs. 17 to 20. As shown in Fig. 18 , this antenna generates good directional radiation towards +Z direction, especially at lower frequency.
As shown in Figs. 17 and 20, this antenna exhibits broadband impedance and AR characteristics. Measured AR bandwidth is 84% (3.70 -9.07 GHz). The measured results agree well with simulation. Most part of measured |S 11 | between 3.37 -9.94 GHz (99%) is lower than −10 dB. Due to manufacture errors, |S 11 | is slightly higher than −10 dB at around 7 GHz. Measured efficiency between 3.70 -6.0 GHz is all higher than −0.85 dB (82%).
V. COMPARISON
A comparison between three proposed antennas and other reported wideband CP antennas is provided in Table 3 .
As shown, the three antennas proposed in this paper all exhibit a broadband characteristic. Among them, the bidirectional antenna has the widest impedance and AR bandwidth. For the solid reflector antenna, the introduction of the reflective surface increased the maximum gain by 1.1 dB, but significantly reduced the bandwidth. By switching the solid reflector to a mesh, the proposed ''meshed reflector antenna'' successfully expands the bandwidth to the same level of the bidirectional one, while still maintaining a high gain characteristic. The mesh also significantly reduces the antenna's height to 40% of the original level, from 0.298λ to 0.111λ.
Compared to [17] and [22] which also use the traveling wave structure, the proposed ''meshed reflector antenna'' achieved a much wider bandwidth and a similar directional gain, with a much lower height. Compared to [23] that use two crossed linearly polarized UWB antenna to achieve wideband CP radiation, the proposed antennas have a much simpler structure (only need two PCB and one welding), and a more stable gain (antenna gain of [23] drops by more than 3 dB below 3.5 GHz compared with the peak gain at 6 GHz). Compared to the balun configurations used in [17] and power divider used in [23] , the feeding structure of the proposed antenna is only a simple microstrip line with a via. This reduces the loss and complexity of the feeding, and also facilitates the wideband operation.
Also, benefiting from the shape of the slot, the proposed antennas have a relatively complete ground plane near the feed point compared to other similar antennas, e.g. spiral antenna. This makes the proposed antennas insensitive under different environment. It also saves room for other circuits which could be integrated on the board.
VI. CONCLUSION
Three UWB CP slot antennas for in-door UWB positioning systems and other related applications are proposed in this paper, including the bidirectional antenna, the solid reflector antenna, and the meshed reflector antenna. Detailed discussion about the operating principles, and simulated/measured results for these antennas are provided sequentially in section II to IV (see Table. 4 for brief results).
By using a curved and miniaturized slot structure, these antennas realize the traveling wave operation mode, and thus exhibit a wideband characteristic. The ''infinite balun'' gives great simplicity and wideband features to the feeding structure. The meshed reflector structure helps to achieve a UWB directional CP radiation with a low-profile structure. And the shape of the slot also leaves a more complete ground plane which gives the possibility of integrating other components, e.g. filter or amplifier, on the antenna to save spaces for the whole system.
A simple comparison between three proposed antennas and other similar antenna are given in Section V. Results show that the proposed antennas exhibit desirable features of relatively low-profile, low-cost, large bandwidth, and simple structure, which make these antennas suitable for UWB wireless applications, such as in-door positioning systems.
